Metal ion homeostasis is a critical function of many integral and peripheral membrane proteins. The genome of the etiologic agent of syphilis, Treponema pallidum, is compact and devoid of many metabolic enzyme genes. Nevertheless, it harbors genes coding for homologs of several enzymes that typically require either iron or zinc. The product of the tp0971 gene of T. pallidum, designated Tp34, is a periplasmic lipoprotein that is thought to be tethered to the inner membrane of this organism. T ransition metal ions are essential structural components and cofactors for many proteins in virtually all biological systems (36, 47, 65). As such, bacteria have evolved numerous systems for obtaining metal ions from their environments and hosts and for transporting these ions against steep concentration gradients. These mechanisms include TonB-type and ABC transporters, Ptype ATPases, proton/ion-driven symporters, and receptor/transporter systems for host metal-sequestering proteins such as transferrin and lactoferrin (31, 47, 60) . However, because metal homeostasis involves maintaining a tight balance between physiological needs and undesirable metal toxicity, bacteria also harbor systems to expel excess metal ions, such as RND efflux pumps and export P-type ATPases (47, 60) .
T ransition metal ions are essential structural components and cofactors for many proteins in virtually all biological systems (36, 47, 65) . As such, bacteria have evolved numerous systems for obtaining metal ions from their environments and hosts and for transporting these ions against steep concentration gradients. These mechanisms include TonB-type and ABC transporters, Ptype ATPases, proton/ion-driven symporters, and receptor/transporter systems for host metal-sequestering proteins such as transferrin and lactoferrin (31, 47, 60) . However, because metal homeostasis involves maintaining a tight balance between physiological needs and undesirable metal toxicity, bacteria also harbor systems to expel excess metal ions, such as RND efflux pumps and export P-type ATPases (47, 60) .
Treponema pallidum, the bacterial agent of syphilis, remains a significant threat to human health worldwide (11, 13, 30, 61) . T. pallidum is among the most poorly understood of all sexually transmitted pathogens, due largely to the historic inability to cultivate the spirochete in vitro and the consequent inability to apply contemporary genetic approaches to understand many aspects of treponemal biology and virulence. To circumvent these severe experimental obstacles, determining the structures and functions of selected treponemal proteins has been one fruitful avenue of investigation to garner new insights into T. pallidum membrane biology (7, 17-20, 44, 46, 48, 64) .
In comparison with other bacterial pathogens, one particularly enigmatic feature of T. pallidum appears to be its reduced need for metal ions (29) . Understanding the molecular aspects of T. pallidum's apparently reduced metal ion requirement is an important aspect of better characterizing this human pathogen physiologically. The genome of T. pallidum contains only a few genes that encode iron-requiring proteins: tp0152, tp0612, tp0613, tp0615, tp0972, tp0991, and tp1038 (from UniProtKB annotations), as well as tp0053, tp0080, tp0735, tp0823, tp0842, tp0939, tp0991, and tp1038 (27, 29, 32, 33, 38, 54, 64) . Also, the genes for several Zn 2ϩ -requiring enzymes are present in the T. pallidum genome, and at least two ABC-type transporters for Zn 2ϩ have been characterized (21, 33, 44) .
We previously presented evidence to support the hypothesis that the ca. 22-kDa Tp34 membrane lipoprotein of T. pallidum likely participates in metal ion homeostasis (17) . Crystallographic studies of a water-soluble recombinant derivative of this protein (rTp34) demonstrated that it adopts an immunoglobulin-like fold and binds Zn 2ϩ (17) . X-ray diffraction data from rTp34 crystals that had been incubated in the presence of Zn 2ϩ indicated that metal binding occurs at the interface of a Tp34 dimer. In solution, apo-rTp34 exists mostly as a monomer, but the addition of divalent cations induces dimerization of the protein (17) . Further support that Tp34 may facilitate metal acquisition can be found in the fact that the tp34 (also known as tp0971) gene is located directly adjacent to a gene that encodes a putative membrane protein (Tp0972) whose sequence is similar to those of a family of highaffinity Fe 2ϩ /Pb 2ϩ permeases (16) . Furthermore, Tp34 was shown to bind specifically to the mucosal iron-carrying protein lactoferrin. Though there was some evidence that Tp34 can bind iron, these studies were complicated by the poor solubility of the protein in the presence of these ions.
In the current study, we employed a number of biophysical approaches to extend our knowledge of the functional character-istics of Tp34. Additional X-ray crystallographic studies revealed the manner in which the protein binds to several different transition metal ions, and site-directed mutagenesis experiments combined with analytical ultracentrifugation (AUC) unequivocally established that the crystallographically observed metal-binding site is responsible for metal-induced dimerization of Tp34. In addition, the results of the current study reveal the relative contributions of metal-binding residues to the dimerization activity. Finally, new analyses of the genes cotranscribed within the Tp34 operon offer additional insights into the most plausible functions of this enigmatic periplasmic membrane lipoprotein.
MATERIALS AND METHODS
Protein preparation. Recombinant Tp34 and its variants were expressed in Escherichia coli and purified as described previously (17) . The His 6 tag was removed as described previously (8) when Tp34 was to be used in the presence of transition metal ions. Site-directed mutagenesis of Tp34 was performed by the QuikChange site-directed mutagenesis method (Stratagene) and with the following primer pairs: for the H70A mutation, 5=-G AAGAGGCGGACTGTGCCATAGAAGCGGATATC-3= and 5=-GATAT CCGCTTCTATGGCACAGTCCGCCTCTTC-3=; for the E72A mutation, 5=-GCGGACTGTCACATAGCAGCGGATATCCACGCA-3= and 5=-TG CGTGGATATCCGCTGCTATGTGACAGTCCGC-3=; for the M117A mutation, 5=-GTGATGTTTGCGCCCGCGAACGCAGGGGACGGT-3= and 5=-ACCGTCCCCTGCGTTCGCGGGCGCAAACATCAC-3=; for the H124A mutation, 5=-GCAGGGGACGGTCCGGCTTATGGGGCGAAC GTG-3= and 5=-CACGTTCGCCCCATAAGCCGGACCGTCCCCTGC-3=; and for the H155A mutation, 5=-GATGAGTACTCGCTAGCTATTG ATGAGCAAACT-3= and 5=-AGTTTGCTCATCAATAGCTAGCGAGTA CTCATC-3= (underlined nucleotides indicate mutations). All mutant genes produced were verified by DNA sequence analysis.
Operon mapping of the Tp34 gene cluster. Treponemal RNA extraction and reverse transcription-PCR (RT-PCR) methods were described previously (18) . Approximately 1 ϫ 10 9 T. pallidum bacteria were freshly harvested from rabbit testicular tissue. Briefly, infected rabbit testes were minced, and 10 ml of saline was added per testis. The treponemes were extracted for 30 min at room temperature and centrifuged for 10 min (ϳ1,000 ϫ g) to remove the rabbit-derived cellular debris. This step was repeated once to remove any residual particulates from the first spin. Finally, treponemes were pelleted by centrifugation (ϳ16,000 ϫ g for 20 min at 4°C) and immediately resuspended in 1 ml of TRIzol (Invitrogen) for RNA extraction. RNA was treated with DNase I (GenHunter) to remove contaminating genomic DNA. DNase I-treated RNA was then purified using TRIzol reagent and checked for residual DNA contamination by qualitative amplification using the T. pallidum-specific primers listed in Table 1 . SuperScript III reverse transcriptase (Invitrogen) was used to synthesize treponemal cDNA via random priming. Approximately 10 ng of cDNA was then used as the template for subsequent PCR amplifications, using the specific primer pairs listed in Table 1 , for genes near tp0971. As a positive control, each DNA fragment was also amplified with the same primers, with treponemal DNA as the template. As a negative control, PCRs (without previous reverse transcription) were performed on the same RNA templates to confirm the absence of contaminating treponemal DNA. PCR products were electrophoresed through 1.5% (wt/ vol) agarose gels containing ethidium bromide and visualized with UV light.
Analytical ultracentrifugation. All AUC experiments were carried out in a Beckman-Coulter (Brea, CA) model XL-I ultracentrifuge. An An-50Ti rotor (Beckman-Coulter) was used, and all such studies were performed at a rotor speed of 50,000 rpm (ϳ182,000 ϫ g). Solutions (390 l) were placed in dual-sectored charcoal-filled Epon centerpieces that were sandwiched between sapphire windows. For the metal ion titration experiments (see Results), the two sectors were both filled with sample (i.e., no reference was used) that comprised 2.6 M Tp34 and various concentrations of transition metal ions. The data were collected in intensity mode at 280 nm. The resulting data, i.e., readouts of transmitted intensity counts versus radius, were treated according to the "pseudoabsorbance" procedure of Schuck and colleagues (39) . Briefly, an arbitrary intensity was chosen as the pseudoreference value, and the data were transformed to their radially dependent pseudoabsorbance values [A p (r)] by use of equation 1:
where I(r) is the observed intensity as a function of radius, I p is the pseudoreference intensity, and r is the radius. In all cases in this report, I p ϭ 1,000. A function that performs this transformation is built into the public domain computer program SEDFIT (39, 57, 59 CAAAGAGCGCACCTAAGAGC  TP0959R  CGCTGTTTGTGAGAGTGATG  TP0959R  CGCATAGACTGCACCATCAC  TP0960F  AGATCCGGTTGAGGTAGGAC  TP0960R  TACAACAGGTCCTCGAACTC  TP0961F  GAATGATGGGCAGATTGTGG  TP0961R  CCTCAACACCGAGGCCTAAC  TP0962F  GTCTGAGCACTGCGGGTATG  TP0962R  TCGCGTCCGATACGACTCAG  TP0963F  CGGGTCTTGACCCAATCCAG  TP0963R  GCCACGCGCTCTTTAAGATG  TP0964F  TCGTTGCAGACGAACCTACC  TP0964R  ACCCGAAGGACCAAGGATAG  TP0965F  GCAGAACCAAGCGTGAAAGC  TP0965R  CAAACTGGGCAGTGACGTAG  TP0966F  TACAGGCGCTCATCACGTTG  TP0966R  TGTTCGCGGCAATTTCGTAG  TP0967F  TTTGGCGAAGGCGAATGTAG  TP0967R  CGTACTGGCTCTGTGTTATC  TP0968F  TGTTCGCGGCAATTTCGTAG  TP0968R  TAGCTGCTGGTACGGATTGG  TP0969F  TATCGCTCGCTGGACTACAC  TP0969R  GGTGCTCGAGGAGTTGTTGG  TP0971F  TCGAAGGAAGAGGCGGACTG  TP0971R  TCACCGTGCTGATGCTCTCC  TP0972F  CAGTGCGACTTCCGTTGAGG  TP0972R  GTGCAACCCATACCATAGAC  TP0973F ). X-ray crystallography. Crystals of Tp34 and its mutants were obtained as described previously (17) . The crystals were transferred to a solution composed of 100 mM Tris, pH 7.5, 2.4 M ammonium sulfate, and 10 mM sulfate salt of a chosen metal ion (Zn 2ϩ or Co 2ϩ ). Following a 1-min incubation in this solution, the crystals were serially transferred to solutions having the same composition plus increasing concentrations of ethylene glycol; the final concentration of ethylene glycol was 15% (vol/ vol). The total time that the crystals spent in the metal-containing buffers was between 5 and 10 min. Next, the crystals were supported on a nylon loop (Hampton Research) and plunged into liquid nitrogen. X-ray diffraction data were collected at beamline 19-BM at the Advanced Photon Source, Argonne, IL. The data were indexed, integrated, and scaled using HKL2000 (50) . Negative intensities were corrected, and the data were put on an absolute scale by use of the TRUNCATE procedure in CCP4 (28) . All of the crystals were isomorphous to the native crystal of Tp34 (17) . The Tp34 model, denuded of heterogens, was "shaken" such that the atoms had new, random positions that differed from their original positions. The new positions compared to the old resulted in a root mean square deviation (RMSD) of 0.5 Å; this step was undertaken to remove statistical bias from the starting model and to allow an assignment of reflections to the R free set independently of the set used for refining the parent structure. The models thus treated were rigid-body refined using the newly acquired data sets. The new structures were further refined using the positional, simulated-annealing, individual ADP, and TLS refinement protocols available in Phenix (1). The model was adjusted manually between rounds of refinement by use of Coot (23) . The identity and positions of metal ions were confirmed using anomalous difference Fourier maps calculated in CNS, version 1.1 (8) , and simulated-annealing omit maps were calculated using CNS, version 1.2 (8, 35) .
Protein structure accession numbers. The coordinates and structure factors of the Co 2ϩ -and Zn 2ϩ -containing Tp34 structures have been deposited in the Protein Data Bank (PDB) (www.rcsb.org) under accession numbers 3PJL and 3PJN, respectively.
RESULTS
Metal ion-induced dimerization of Tp34. Previously, we observed that transition metal ions stabilized the dimeric form of a water-soluble construct of Tp34 (17) . To ascertain which metals were the most efficacious inducers of dimerization, we performed AUC sedimentation velocity (SV) experiments on the protein under conditions that are likely to mimic the environment of T. pallidum, i.e., the human mucosa (20 mM HEPES, pH 6.8, 100 mM NaCl) ( Fig. 1 ). In these experiments, the concentration of Tp34 (2.6 M) was held constant and the concentration of the transition metal ion was varied. Four metal ions were chosen for study: Ni 2ϩ , Co 2ϩ , Zn 2ϩ , and Cu 2ϩ . Fe ions were not studied because they tended to precipitate or to cause the precipitation of Tp34 under these solution conditions. Experiments with Tp34 and ferric citrate were attempted, but very little dimerization was observed, and aggregation was evident at high concentrations of the latter (not shown). For these experiments, graphs of the signalweighted sedimentation coefficient (s sig ) versus the log 10 of the metal concentration were evaluated (Fig. 1B) . The s sig value is a measure of the bulk transport properties of all species in solution; if all Tp34 molecules were present in solution as monomers, s sig should be ϳ2 S, the sedimentation coefficient of monomeric Tp34 (17) . Conversely, if all of the protein had been converted completely to a dimer, the s sig value should assume the sedimentation coefficient of the dimer, i.e., ϳ3.2 S. In solutions containing both species, the s sig value should be an intermediate value weighted by the amount of signal detected for each component. The data could be fit to an equation describing a Hill-type binding isotherm (see Materials and Methods), yielding an EC 50 for each metal ion that is indicative of its ability to induce dimerization (Table 2 ). Figure  1A shows that Tp34 was a monomer under the experimental conditions and without added transition metal ions. Cu 2ϩ most effectively induced the dimerization of Tp34, with an EC 50 and 39 M, respectively). Notably, although our earlier study (17) suggested that alkali and alkaline earth metals might be able to induce Tp34 dimerization, our more recent protein preparations have not uniformly exhibited this activity (data not shown). We thus contend that our earlier results likely were the result of transition metal contamination of the protein preparation, the AUC apparatus, or the buffers used in those experiments. Two routes to dimerization are readily conceivable in this system. In the first, a metal ion binds to one molecule of monomeric Tp34, prompting a second to interact by overcoming presumably repulsive forces that are present without the metal ion bound. In the second route, Tp34 transiently dimerizes prior to metal ion binding; a metal ion or ions bind to this dimer, stabilizing it. As designed, the experiments in this study cannot readily distinguish between these possibilities; in the absence of other data, we assume that both routes are possible and that they form a thermodynamic cycle. Despite this ambiguity, the EC 50 studies presented herein clearly establish the relative dimerization efficacies of the transition metals that we studied.
Mutagenesis of the metal-ion-binding site. The crystallographically observed metal-ion-binding site of Tp34 is located at the dimer interface (Fig. 2A) ; it comprises the side chains of amino acid residues H70, E72, M117, H124, and H155=, where the prime symbol denotes that this residue originates from a neighboring monomer (Fig. 2B) . Although it is highly likely that this metalbinding site is directly responsible for the solution phenomena described above, there has been no direct evidence for this hypothesis. To provide such evidence and to define the roles that these residues may play at the metal-binding site, each was individually mutated to alanine. The mutated proteins were subjected to SV as delineated above ( Fig. 2C ; Table 3 ); Co 2ϩ was chosen to test the ability of these proteins to form metal-ion-induced dimers because it efficaciously induces dimerization and is easily observable crystallographically (see below), and unlike Cu 2ϩ and Zn 2ϩ , it does not cause Tp34 to precipitate at high metal ion concentrations. To quantify the dimerization activities of these proteins, the same approach as that described above was taken (i.e., EC 50 values were calculated). The mutation of histidine 70 to alanine (H70A) demonstrated the most severe effect, raising the apparent EC 50 by about 1,000-fold (Table 3 ). The dimerization activities of the E72A, H124A, and H155A mutants were also severely reduced (raising the apparent EC 50 s by ϳ500-, ϳ300-, and ϳ400-fold, respectively) compared to that of the wild-type protein. The apparent EC 50 s for these mutant proteins should be considered only estimates, because the full dimerization isotherm was not observed. Changing M117 to alanine had only a mild effect on dimerization in the presence of Co 2ϩ . These data clearly demonstrate that the crystallographically characterized metal-ion-binding site is directly responsible for the metal-induced dimerization of Tp34. The side chains of residues H70, E72, H124, and H155= were especially critical for the formation of metal-induced dimers. The side chain of M117 appears to be nearly dispensable for the formation of Co 2ϩ -induced dimers of Tp34; similar results to those presented above were obtained for Ni 2ϩ (data not shown). Crystallographic examination of metal ion binding. Previously, the crystal structure of Tp34 was reported with Zn 2ϩ bound at the metal-binding site (17) . This structure was obtained by incubating crystals of Tp34 in a solution containing 2.4 M ammonium sulfate, 100 mM Bicine, pH 9.0, and 10 mM zinc acetate. Other metal ions were refractory to this treatment owing to the facile formation of metal hydroxide crystals under these conditions (not shown). For the current study, it was observed that the Tp34 crystals were stable in a solution comprising 2.4 M ammo- nium sulfate, 100 mM Tris, pH 7.5, and 10 mM metal sulfate. In this solution, the crystals could be incubated without visible precipitation or crystallization of the hydroxide salt of the metal ion. This procedure resulted in Tp34 crystals that diffracted well and resulted in well-refined structures (Table 4 ) (12). The Tp34 dimer has two metal-binding sites at the dimer interface. Because of the 2-fold rotational noncrystallographic symmetry in the dimer, the two sites occur at symmetrically equivalent positions ( Fig. 2A) . In the crystallographic asymmetric unit, the two sites may be distinguished by considering whether most of the side chains are donated by chain A or chain B of the dimer. We term these two sites "A" and "B," respectively. The metal-binding characteristics of the two sites differ (not shown): site B has poorer metal-binding characteristics than site A. This phenomenon is likely caused by interference at the positions of amino acids near site B by a symmetry-related dimer of Tp34 (not shown). We therefore focus on the metal-binding characteristics of site A in the following discussion.
The configuration of metal-binding site A of Tp34 in the presence of Zn 2ϩ and Tris, pH 7.5, buffer (see above) is shown in Fig.  3A . This structure was determined to ascertain whether the different incubation conditions of the crystal, i.e., the lower pH, would cause changes to the metal-binding site. No significant differences in the ligand-binding environment or occupancy of Zn 2ϩ were observed in this structure compared to that obtained from crystals stabilized in the presence of the Bicine-buffered solution (17) . Inner sphere ligands for Zn 2ϩ are detailed above and shown in Fig.  3A ; they form a distorted square pyramid around the ion. Significant difference electron density (not shown) around the refined position of the Zn 2ϩ necessitated the refinement of anisotropic atomic displacement factors for the zinc ion. An important aspect of metal ion binding at site A is that the Zn 2ϩ ion has no solvent-accessible surface, i.e., it is completely buried at the dimer interface.
The Tp34 data set for Zn 2ϩ was collected using a wavelength (Table 4 ) of X-radiation at which Zn atoms diffract anomalously. Therefore, an anomalous difference Fourier map could be calculated using these data; any strong peaks in this map would betray the position of Zn 2ϩ ions. In this way, we established that 13 additional zinc(II) ions are bound to Tp34 under these conditions, and they are included in the model (not shown). All of them are located on the periphery of the Tp34 dimer. To distinguish these sites from metal sites A and B, we labeled the peripheral sites with the Greek alphabet, beginning with ␣. Sites ␣ and ␤ are the peripheral metal-binding sites that are most proximal to metal sites A and B, respectively. Sites ␣ and ␤ are related by the dyad axis of the Tp34 dimer. Metal site ␣ is shown in Fig. 4A . Inner sphere contacts with the metal ion are made by E30 and D121. An outer sphere contact is made by E72, which is a metal-ligating residue for site A (Fig. 4A) . Metal sites ␣ and ␤ are solvent exposed, and the Zn 2ϩ that occupies site ␣ has three water molecules making inner sphere contacts to it (Fig. 4A) . Although the anomalous difference peak for the Zn 2ϩ ion at site ␣ was clearly weaker than that for the Zn 2ϩ ion at site A, the site ␣ metal was refined well at full occupancy, i.e., its B factor (37.5 Å 2 ) matched well with those of the two contacting protein atoms (30.7 Å 2 and 34.3 Å 2 ). Thus, we concluded that the weaker density for this atom than for the site A metal was due to a higher degree of static or dynamic disorder for the site ␣ metal.
Also related by Tp34's dyad axis are sites and . These Zn 2ϩ -binding sites feature residues from both monomers of the dimer: H55 and H149=. These residues were not mutated for the hydrodynamic experiments presented above, and it is therefore not clear whether they affect the Zn 2ϩ -induced dimerization of Tp34. Metal sites and were not observed in the presence of the other metal ions in this study (not shown), yet those metals were able to induce dimerization. Thus, these sites do not appear to be essential to metal-induced dimerization.
The crystal structures of two Tp34 homologs, CJp19 (10) and FetP (41) , are very similar to that of Tp34: the RMSD of 143 comparable C ␣ atoms of Tp34 and CJp19 (ϳ35% sequence identity) is 1.2 Å, and that of 142 comparable C ␣ atoms of Tp34 and FetP (ϳ40% identity) is also 1.2 Å. The structures of both CJp19 and FetP were determined with copper ions bound at the analogs of site A. A comparison of the sites A of these three proteins is shown in Fig. 4B . The side chains that contact the metal ions are identical, and their positions are very similar. The only side chain that shows a significant difference is that of E44 of CJp19 (the equivalent of E72 in Tp34). It adopts a conformation that allows a bidentate interaction between its carboxylate oxygen atoms and the bound metal ion. Indeed, this conformation is similar to that observed for E72 of Tp34 when Co 2ϩ is bound (Fig. 3B) . These results indicate that the disparate crystallization conditions and bound-metal identities among these three proteins do not significantly alter the disposition of the side chains in the active site. The binding of Co 2ϩ to metal-binding site A is very similar to that of Zn 2ϩ (Fig. 3B) . As in the Zn 2ϩ -bound structure, the ion is completely buried at the dimer interface. There is one major difference, however. The carboxylate moiety of E72 takes up a different position, allowing both of its oxygen atoms to ligate the Co 2ϩ ion. Such a bidentate ligand interaction is common with acidic amino acid residues (e.g., see references 6, 26, and 55). The geometry of the site is therefore changed from a distorted square pyramidal (pentacoordinate) to a distorted octahedral (hexacoordinate) geometry. Although the inner sphere contact of S-␦ of M117 to zinc is, to our knowledge, unprecedented (17) , there are at least two structures in the current release of the Protein Data Bank (www.rcsb.org) wherein contacts between Co 2ϩ and a methionine are observed. The crystal structures of the iron-dependent regulator proteins of Mycobacterium tuberculosis and Corynebacterium diphtheriae each feature a cobalt(II) ion that has the respective sulfur atoms of a cysteine and a methionine as inner sphere ligands (25, 52) . These proteins bind to and are activated by several transition metal ions, including Fe 2ϩ , Zn 2ϩ , Co 2ϩ , and Ni 2ϩ (56, 63) . The chemical nature of the metal-binding sites in these proteins, like that of sites A and B of Tp34, is mixed, containing sulfur, oxygen, and nitrogen ligands. Hexacoordinate cobalt(II) is commonly encountered in proteins and nucleic acids crystallized in the presence of this cation; indeed, cobalt hexamine is a standard heavy-atom compound used for obtaining phases in nucleic acid crystal structures (40) . However, a Co 2ϩ ion coordinated by six protein ligands is rare. In a database current to 2003 (9), we found only one example: a second cobalt-binding site in the iron-dependent regulator protein (DtxR) from C. diphtheriae (52) . In this case, a carboxylate moiety also serves as a bidentate ligand for the Co 2ϩ ion.
In separate experiments, crystalline Tp34 was also incubated with Cu 2ϩ and Ni 2ϩ . Anomalous difference Fourier maps clearly indicate that these metal ions bind at sites A (Fig. 3C and D) . However, attempts to refine these structures indicated that the metal ions are not present at full occupancy. Thus, despite efficaciously inducing dimerization in our solution experiments (Fig.  1B) , Cu 2ϩ and Ni 2ϩ are hindered from fully occupying sites A by some factor in the treatment of the crystals (e.g., high salt concentration, higher pH, or shorter incubation). Because of the low occupancies, we cannot draw definitive conclusions regarding the ligand-binding environment of these metals in Tp34. For Cu(II), the anomalous difference Fourier maps also indicated that this metal bound at sites B, ␣, ␤, , and . For Ni(II), these maps indicated significant occupancy of the metal ion at sites ␤ and , in addition to site A.
Genes cotranscribed with the Tp34 gene (tp0971). Genomic analysis of T. pallidum suggested that the tp0959 to tp0972 genes (tp34 gene cluster) are oriented in the same direction and thus may be cotranscribed (4) . Therefore, we used RT-PCR to assess the transcriptional linkage of the putative tp34 gene cluster. The transcripts were mapped from RNA isolated from rabbit tissueextracted T. pallidum. As shown in Fig. 5 , the tp34 gene cluster was demonstrated by RT-PCR to be linked transcriptionally. These results confirm the transcriptional organization of the tp34 gene cluster in an operon (tp34 operon). As expected, the nonoperonic gene pair of tp0958 and tp0959 yielded no RT-PCR product. However, the RT-PCR product observed for the tp0972 and tp0973 pair may have been due to the presence of noncoding mRNA that is transcribed in the opposite direction of the tp34 operon.
Because bacteria often cluster genes of similar function into operons, a detailed analysis of the products of the genes cotranscribed with Tp34 might shed light on the latter protein's function. Accordingly, bioinformatic analyses of the genes cotranscribed with Tp34 were performed, as summarized in Table 5 . We note Table 1 , specific for either the intergenic regions of listed gene pairs or the entire tp0970 gene (pseudogene) between tp0969 and tp0971 (tp34). Lane M, DNA molecular size markers; lane C, PCR with the indicated primer pair, using T. pallidum genomic DNA as the template in place of RNA, served as a positive control; lane Ϫ, PCR with the indicated primer pair, using RNA as the template (without RT), served as the negative control for DNA contamination; lane ϩ, RT-PCR product with the indicated primer pair (nonoperonic). The rest of the lanes contained RT-PCR products amplified with the indicated primer pairs. Ftr1-like iron-lead permease that this particular arrangement of genes is unique to T. pallidum; even closely related treponemal species, such as Treponema denticola, do not display the same operon organization. The proteins encoded by genes tp0959 through tp0961 are apparently flagellar components, as BLAST searches (2) consistently indicate a close correspondence between these sequences and those of known flagellar proteins. Database annotations concur with this assignment.
The proteins encoded by tp0962 and tp0963 are sequentially similar (36% identity). Position-specific iterated BLAST queries (3) suggest a close relationship between them and macrolide-exporting ABC-type permeases. Using algorithms that predict the presence of transmembrane ␣-helices (34), we confirmed that these proteins are predicted to have a similar topology to that of known macrolide exporter permeases. That is, they are predicted to have four transmembrane ␣-helices, with a large, water-soluble domain between helices 1 and 2. Furthermore, a conserved domain search (49) identified a subset of residues in each protein (residues 13 to 250 in Tp0962 and residues 9 to 245 in Tp0963) as homologous to the "periplasmic core domain" of macrolide transport permeases. The same search also revealed that the C termini of these proteins bear homology to the FtsX family of export permeases, whose members include macrolide exporters. All of these facts constitute a body of evidence that identifies Tp0962 and Tp0963 as export permeases. Such permeases require the function of an associated ATPase; Tp0964 is annotated as such and seems likely to fulfill this role.
Macrolide export systems generally comprise an inner membrane permease (possibly with associated ATPase proteins), a periplasmic "membrane fusion protein," and a TolC-like outer membrane protein. In such systems, these proteins are thought to form a periplasm-spanning export complex (66) . We found that genes for all of these components are in place in the Tp34 operon. Tp0965 is annotated as a membrane fusion protein, and further database searches confirmed this notion. The products of tp0966 through tp0969 are homologous to one another (see Table 6 for comparisons). They are all homologous to TolC-like proteins. This fact was ascertained using position-specific iterative searches (3) of amino acid sequence databases, which returned many other proteins annotated as TolC-like proteins. Furthermore, hidden Markov queries (62) of the Protein Data Bank using the amino acid sequences of Tp0966 to Tp0969 demonstrated that these four proteins are very likely (probability ϭ 100%) to have structures similar to those of TolC (42) , VceC (24) , OprM (51) , and CusC (43) . All of the latter proteins are known TolC-like proteins. This result is surprising given the perceived paucity of outer membrane proteins in T. pallidum (53) .
The combined evidence garnered by us and others thus suggests that a periplasm-spanning export system is encoded by the Tp34 operon, comprising permeases (Tp0962 and Tp0963), an ATPase (Tp0964), a membrane fusion protein (Tp0965), and TolC-like channels (Tp0966 to Tp0969). The presence of multiple permeases and channels suggests that T. pallidum may employ a "mix-and-match" strategy with these proteins to provide exporters with various specificities. The substrates for these systems, however, remain unknown. Although Tp0962 and Tp0963 appear to be similar to macrolide export permeases, macrolides would probably not be encountered commonly in any sustained fashion in the treponemal (human) environment. It is possible that other small molecules are exported, as members of this family also export lipids and peptides.
Tp0971 (Tp34) has some similarity to proteins that apparently aid in iron transport in other bacteria (10, 22, 41) . It is unknown whether this sequence homology signifies functional similarity. To explore this question further, a molecular phylogeny of Tp34-like proteins was constructed (see Fig. S1 in the supplemental material). In this phylogeny, the relationships between 203 nonredundant Tp34-like proteins were examined. A few other Tp34-like proteins have been characterized functionally and structurally. They are the ChpA protein from a magnetotactic marine vibrio bacterium called MV-1 (22) , a protein from Campylobacter jejuni (called CJp19 herein) (10) , and the FetP protein from a uropathogenic strain (F11) of E. coli (41) . All of these proteins were included in this analysis. These three proteins and Tp34 occupied distinct clades in the phylogram. Tp34 was placed in a clade containing Tp34 homologs from other treponemes (Fig. 6A) . Unexpectedly, this clade also contained proteins from the anaerobic, nonspirochetal bacterial genera Johnsonella, Finegoldia, Peptoniphilus, and Anaerococcus (and an unnamed bacterium of the Lachnospiraceae). All of these nontreponemal bacteria are obligate anaerobes. Notably, T. pallidum is known to be sensitive to highoxygen environments (15, 45) .
In the genomes of nearly all of the species examined, an ftr1 homolog was found close to the tp34-like gene. This fact prompted a similar phylogenetic examination of Ftr1 (Tp0972) homologs. A subset (136) of the species examined for the Tp34 phylogeny was subjected to this analysis of Tp0972 homologs. The sequence of the Ftr1 homolog from MV-1 was not included because its gene is interrupted by several stop codons. The Tp0972-like proteins fall into two subgroups: those having about 400 to 450 amino acids (group I; Tp0972 belongs to this group) and those having about 650 amino acids (group II). The proteins in these subgroups are predicted to have 8 or 9 transmembrane helices, and their main differentiating features are the sizes of soluble domains that occur between two transmembrane helices. In the group I proteins, the domain is about 150 amino acids long, whereas in the group II proteins, it can comprise up to 400 amino acids. To avoid bias in the comparisons, only the amino acids in the C-terminal parts of the soluble domains and after were used to construct the phylogeny.
The results (see Fig. S2 in the supplemental material) indicate that the group I proteins occupy a distinct clade. There are outliers: the Tp0972 homologs from Magnetospirillum magneticum and Flexistipes sinusarabici are apparently slightly more closely related to the group II proteins than to the group I proteins, despite their short lengths (391 and 400 amino acids, respectively). Also, the 459-amino-acid Ftr homolog from Aggregatibacter actinomycetemcomitans serotype e strain SCC393 and the 498-aminoacid homolog from Campylobacter coli LMG 23344 fall into group Tp0966  Tp0967  Tp0968  Tp0969   Tp0966  26  22  21  Tp0967  19  21  Tp0968  20  Tp0969 II clades, despite their short sequences. Analyses of the latter proteins indicated that they are essentially N-terminal truncations of closely related group II proteins, and thus the phylogenetic analysis has placed them correctly.
Despite some differences in the overall organizational details of the phylograms (cf. Fig. S1 and S2 in the supplemental material), many of the details revealed in the Tp34 analysis are recapitulated in the Tp0972 phylogeny. For example, the same clustering of proteins from specific anaerobic genera with the treponemes is observed in both phylogenies (Fig. 6) , and very similar phylogenetic organizations are found for the Tp34 and Tp0972 homologs from E. coli and C. jejuni. These facts suggest that the evolution of Tp34 homologs and their respective Tp0972 homologs is tightly correlated, and we infer from these data that the two proteins are functionally coupled.
DISCUSSION
The data presented herein and in our previous research (17) point to a role for Tp34 in transition metal import into the cytoplasm of T. pallidum. This inference is supported by the ability of the protein to bind to these metal ions (Fig. 3) and the fact that these cations efficiently induce the dimerization of Tp34 (Fig. 1) . Further evidence of this role derives from the fact that the appearance of a tp34 homolog in a genome is tightly coupled with the appearance of an ftr1 homolog. The products of the latter genes have, in some cases, been shown to import the transition metal ions Fe 3ϩ (4), Fe 2ϩ (41) , and Pb 2ϩ (5) across the cytoplasmic membrane. The conclusion regarding the putative function of Tp34 raises two important and related questions: (i) what is Tp34's role in metal import, and (ii) what metal ion is ordinarily imported? The answers to both questions currently remain obscure, but the results presented herein allow us to present cogent hypotheses. With respect to the first question, the behavior and functions of CJp19 and FetP deserve scrutiny, as they are structurally very similar to Tp34 (see above and Fig. 4B ). Both CJp19 and FetP are dimeric; whereas the oligomerization status of CJp19 is at least somewhat responsive to metal ion concentrations (10) , that of FetP is not (41) . Also, both proteins are functionally associated with known iron import proteins (group II Ftr1 homologs). CJp19 is hypothesized to be a ferroxidase, and FetP a ferrireductase, although these putative activities have not been demonstrated in vitro. A third Tp34 homolog has been characterized functionally (but not crystallographically): ChpA from the MV-1 organism described above (22) . ChpA isolated from its native source is dimeric and contains copper ions. This protein is known to assist in iron import into MV-1, but no enzymatic activity for ChpA was hypothesized. Rather, the authors contended that ChpA is a "copper-handling" protein that somehow aids in iron transport.
Despite the strong structural similarities to CJp19 and FetP, the distinctive solution behavior of Tp34 (see above) (17) seems most compatible with a role in transition metal homeostasis. Under nearly physiological, metal-free conditions, the protein is monomeric, but it assumes a slowly dissociating dimeric form in the presence of transition metal ions (Fig. 1) . The metal ions bound at the dimer interface are completely solvent inaccessible (see above). The protein thus seems ideally suited to respond to local metal ion concentrations and to sequester these cations from the periplasm. How this activity complements the likely metal import role of Tp0971 (the Ftr1 homolog), however, remains unknown.
The second question, which regards the identity of the physiologically bound metal ion, is also currently unresolved. Notably, if the EC 50 s presented in this study (Table 2 ) are related to the metal affinities of Tp34, then the relative affinities (Cu 2ϩ Ͼ Zn 2ϩ Ͼ Ni 2ϩ Ͼ Co 2ϩ ) conform to those of general metal ion ligands (i.e., the Irving-Williams series [37] ). Thus, the question of the in vivo identity of the metal ion at the dimerization interface likely depends largely on the relative concentrations of transition metal ions occurring naturally in the periplasm of T. pallidum. In turn, these availabilities will be driven by the microenvironment (i.e., the human host) and the actions of metal import and export systems in T. pallidum. It is perhaps noteworthy that zinc is the second-most abundant metal in the human body (14) and may be scavenged more easily than iron or copper, which tend to be bound very tightly to sequestering proteins. Thus, Zn 2ϩ is a very plausible candidate to be bound to Tp34 in vivo.
Ultimately, a clarification of the remaining uncertainties surrounding this likely metal uptake system (Tp34/Tp0971) will probably require studies performed with other related but heterologous organisms, such as T. denticola or the other anaerobes mentioned earlier (Fig. 6 ). This necessity derives from the contin-ued infeasibility of culturing and genetically manipulating T. pallidum in vitro.
